Dougherty BJ, Fields DP, Mitchell GS. Mammalian target of rapamycin is required for phrenic long-term facilitation following severe but not moderate acute intermittent hypoxia. J Neurophysiol 114: 1784 -1791. First published July 29, 2015 doi:10.1152/jn.00539.2015.-Phrenic long-term facilitation (pLTF) is a persistent increase in phrenic nerve activity after acute intermittent hypoxia (AIH). Distinct cell-signaling cascades give rise to pLTF depending on the severity of hypoxemia within hypoxic episodes. Moderate AIH (mAIH; three 5-min episodes, Pa O 2 ϳ35-55 mmHG) elicits pLTF by a serotonin (5-HT)-dependent mechanism that requires new synthesis of brain-derived neurotrophic factor (BDNF), activation of its high-affinity receptor (TrkB), and ERK MAPK signaling. In contrast, severe AIH (sAIH; three 5-min episodes, Pa O 2 ϳ25-30 mmHG) elicits pLTF by an adenosine-dependent mechanism that requires new TrkB synthesis and Akt signaling. Although both mechanisms require spinal protein synthesis, the newly synthesized proteins are distinct, as are the neurochemicals inducing plasticity (serotonin vs. adenosine). In many forms of neuroplasticity, new protein synthesis requires translational regulation via mammalian target of rapamycin (mTOR) signaling. Since Akt regulates mTOR activity, we hypothesized that mTOR activity is necessary for sAIHbut not mAIH-induced pLTF. Phrenic nerve activity in anesthetized, paralyzed, and ventilated rats was recorded before, during, and 60 min after mAIH or sAIH. Rats were pretreated with intrathecal injections of 20% DMSO (vehicle controls) or rapamycin (0.1 mM, 12 l), a selective mTOR complex 1 inhibitor. Consistent with our hypothesis, rapamycin blocked sAIH-but not mAIH-induced pLTF. Thus spinal mTOR activity is required for adenosine-dependent (sAIH) but not serotonin-dependent (mAIH) pLTF, suggesting that distinct mechanisms regulate new protein synthesis in these forms of spinal neuroplasticity.
PHRENIC LONG-TERM FACILITATION (pLTF) is an important model of spinal, respiratory motor plasticity (Mitchell and Johnson 2003) elicited by acute intermittent hypoxia [AIH (Bach and Mitchell 1996; Baker and Mitchell 2000) ]. The magnitude ) and cellular mechanisms of pLTF vary depending on the characteristics of AIH (Dale-Nagle et al. 2010a; Devinney et al. 2013; Nichols et al. 2012) . For example, the severity of hypoxemia within individual hypoxic episodes of the same AIH protocol (three 5-min episodes; 5-min intervals) determines which cellular mechanism gives rise to pLTF. Moderate AIH (mAIH; Pa O 2 ϭ 35-55 mmHg) elicits pLTF by a mechanism that requires spinal serotonin (5-HT) type 2 receptor activation (Baker-Herman and Mitchell 2002; Fuller et al. 2001; Kinkead and Mitchell 1999) , new synthesis of brain-derived neurotrophic factor [BDNF (Baker-Herman et al. 2004) ], activation of the high-affinity BDNF receptor [TrkB (Baker-Herman et al. 2004 )], and ERK MAPK signaling . In contrast, severe AIH (sAIH; Pa O 2 ϭ 25-30 mmHg) produces pLTF ) that requires spinal adenosine 2A (A 2A ) receptor activation , synthesis of an immature TrkB isoform (Golder et al. 2008) , and phosphatidylinositol 3 (PI3)-kinase/Akt signaling (Golder et al. 2008) . These signaling cascades interact via mutual, cross-talk inhibition (Hoffman et al. 2010) . Although serotonin-dependent mechanisms predominate with mAIH, adenosine-dependent mechanisms predominant with sAIH. The biological significance of diverse pLTF mechanisms remains unclear, but we have suggested that they confer flexible respiratory responses to diverse challenges that differ in quality [e.g., pattern (Devinney et al. 2013) , severity , and/or duration Dale-Nagle et al. 2011)] . mAIH-and sAIH-induced pLTF both require new protein synthesis, although the specific proteins synthesized differ (i.e., BDNF vs. immature TrkB). Neuroplasticity often requires new protein synthesis via translational regulation initiated by a mammalian target of rapamycin (mTOR)-dependent mechanism (Hoeffer and Klann 2010; Jaworski and Sheng 2006) . mTOR is a serine/threonine protein kinase that activates p70S6K and 4E-BP1 (Klann and Dever 2004) , enhancing cellular translational activity (Jaworski and Sheng 2006) . Since both mAIH and sAIH increase translation, mTOR may be a point of convergence between their respective signaling pathways. Although canonical mTOR activation requires PI3-kinase/Akt signaling (Garami et al. 2003; Hoeffer and Klann 2010; Jaworski and Sheng 2006; Manning et al. 2002) , ERK MAPKs activate mTOR in some cell types/conditions, including cancer pathogenesis (Ma et al. 2005; Tee et al. 2003) . Because of common associations between Akt and mTOR activation, and less frequent reports of ERK-dependent mTOR activation, we tested the hypothesis that spinal mTOR is necessary for sAIH-but not mAIH-induced pLTF.
MATERIALS AND METHODS
Animals. Three-to four-month-old male Sprague-Dawley rats were studied in all experiments (n ϭ 40; colony 211A; Harlan, Indianapolis, IN). All procedures were approved by the Institutional Animal Care and Use Committee, School of Veterinary Medicine, University of Wisconsin-Madison.
Experimental preparation. Rats were anesthetized with isoflurane in a closed chamber, followed by tracheotomy and ventilation with a rodent ventilator (model 683; Harvard Apparatus, South Natick, MA; tidal volume ϳ2.5 ml, frequency ϳ75 per min). Tracheal pressure was monitored via pressure transducer (model P23ID Gould Stratham) attached to the inspired line of the ventilator. The lungs were briefly hyperinflated by occluding the ventilator expiratory line every hour to minimize atelectasis. Anesthesia was maintained with isoflurane (3-4% in 50% O 2 , balance N 2 ) throughout the surgical procedures; adequacy of anesthesia was confirmed by the lack of toe-pinch or eye-blink reflexes. After surgery, rats were slowly converted to urethane anesthesia (1.8 mg/kg) via a femoral venous catheter. While surgery was performed on a temperature-controlled stainless steel surgical table, rectal temperature was monitored with a temperature sensor (Physitemp Instruments, Clifton, NJ) and maintained by adjusting the surgical table temperature. The inspired O 2 concentration was monitored with a fuel cell sensor (TED 60T; Teledyne Analytical Instruments, City of Industry, CA). Rats were vagotomized, and a catheter was inserted into the right femoral artery to monitor blood pressure with a pressure transducer (APT300; Harvard Apparatus, Holliston, MA). Arterial blood samples were analyzed for O 2 (Pa O 2 ) and CO 2 (Pa CO 2 ) partial pressures, pH, and standard base excess (SBE) with a blood gas analyzer (ABL 800 Flex; Radiometer, Copenhagen, Denmark). A slow, continuous intravenous infusion of an 8:1:1 solution of veterinary lactated Ringer's solution, hetastarch, and sodium bicarbonate was maintained after conversion to urethane anesthesia to maintain blood pressure and acid-base balance throughout the experiment.
The left phrenic nerve was dissected and exposed via a dorsal approach, cut distally, and desheathed. The nerve was submerged in mineral oil and placed on a bipolar silver recording electrode to record spontaneous neural activity. The adequacy of anesthesia was tested before protocols commenced and immediately after the protocol was complete. Adequacy of anesthetic depth was assessed as the lack of pressor or phrenic neural responses to toe pinch with a hemostat; we did not observe increased blood pressure or phrenic nerve activity in any rat in response to toe pinch, consistent with previous studies. Urethane anesthesia is known to remain stable and effective in rats for hours longer than our typical experimental protocol (Maggi and Meli 1986) . After adequate anesthesia was confirmed, neuromuscular block with pancuronium bromide (ϳ1.2 ml iv, 1 mg/ml) was initiated to minimize movement artifacts associated with respiratory muscle activity and to prevent asynchrony between ventilator and spontaneous breaths. End-tidal CO 2 was monitored using a flow-through capnograph (model 1265; Philips Respironics, Murrysville, PA) with sufficient response time to measure end-tidal CO 2 levels in rats and was maintained at ϳ40 mmHg throughout the surgical preparation. Nerve activity was amplified (gain, 10,000ϫ; A-M Systems, Everett, WA), bandpass filtered (300 Hz to 10 kHz), rectified, and integrated (CWE 821 filter; Paynter, Ardmore, PA; time constant, 50 ms). The signal was then digitized and recorded using a WINDAQ data acquisition system (DATAQ Instruments, Akron, OH). Data analysis was performed using custom software on a LabVIEW platform (National Instruments, Austin, TX).
An intrathecal catheter was placed to enable localized rapamycin injections near the phrenic motor nucleus. In brief, after dorsal laminectomy at C2, an incision was made in the dura and a small silicone catheter (2-Fr; Access Technologies, Skokie, IL) was inserted and advanced ϳ3 mm caudally, bringing the catheter tip to the rostral edge of cervical segments containing the phrenic motor nucleus (ϳC3). The catheter was primed with either rapamycin (0.1 mM; MP Biomedicals, Santa Ana, CA) or vehicle (20% DMSO in saline) before catheter placement. Rapamycin dose was selected based on preliminary dose-response testing and previously published reports (Geranton et al. 2009; Jimenez-Diaz et al. 2008; Liang et al. 2013; Xu et al. 2011 Xu et al. , 2014 . Intrathecal solutions were prepared fresh for each experiment.
Experimental protocol. Stable nerve activity was established while the rat was ventilated with a hyperoxic inspired gas mixture (FI O 2 , 0.5-0.6; Pa O 2 Ͼ 150 mmHg); inspired CO 2 was elevated to maintain Pa CO 2 at a constant baseline level just sufficient to prevent the rat from becoming apneic (typically between 40 and 45 mmHg). After the preparation stabilized, the apneic threshold for rhythmic phrenic activity was determined by progressively lowering the inspired (and arterial) CO 2 until rhythmic phrenic activity ceased. The end-tidal CO 2 was then progressively increased in 1-mmHg increments every 1-2 min until nerve activity resumed, documenting the recruitment threshold. Baseline nerve activity was established with Pa CO 2 set 2-3 mmHg above the CO 2 recruitment threshold. This procedure allows a standardized level of respiratory drive during baseline conditions in different rats. Fifteen minutes after baseline conditions were set, rats received an intrathecal injection of rapamycin or vehicle (12 l over ϳ3 min). Approximately 15 min postinjection, a baseline blood sample was taken and the rats were exposed to AIH, consisting of three 5-min hypoxic episodes with 5-min intervals of 50% O 2 . Since cellular signaling cascades responsible for LTF differ depending on severity of hypoxemia during AIH , rats were divided into the following experimental groups: 1) rats receiving mAIH (ϳ11% inspired O 2 ) with intrathecal vehicle, 2) rats with mAIH and intrathecal rapamycin, 3) rats receiving sAIH (ϳ9% inspired O 2 ) and intrathecal vehicle, and 4) rats with sAIH and intrathecal rapamycin. Additional rats were used as time controls (i.e., without hypoxia) to test for time-dependent effects of intrathecal vehicle or rapamycin alone. Nerve activity was monitored for 60 min after the last hypoxic episode while baseline blood gas levels were maintained. Blood samples (0.1-0.2 ml in a capillary tube) were drawn and analyzed before AIH (baseline), during the first hypoxic episode, and at 15, 30, and 60 min post-AIH. An experiment was considered successful only if blood gas regulation conformed to the de novo criteria outlined below. At the conclusion of experiments, rats were humanely euthanized via intravenous urethane overdose followed by ceased pump ventilation.
Statistical analysis. Peak phrenic amplitude and burst frequency were averaged in 1-min bins at each recorded data point (baseline, during hypoxia, and 15, 30, and 60 min post-AIH). Changes in nerve burst amplitude were normalized as a percent change from baseline (BL) values; burst frequency is reported as a change from baseline in bursts/min. We compared phrenic nerve responses of rats receiving vehicle vs. rapamycin injections (time control and AIH for each). Because rapamycin time control and vehicle time control groups were similar across all studies and could not be distinguished statistically (Table 1) , they were combined into a single time control group ("combined time controls"). Statistical comparisons were made for time and drug treatment effects within AIH groups using two-way, repeated-measures ANOVA. Bonferroni's post hoc test was used to identify statistically significant individual comparisons. A three-way ANOVA and Bonferroni post hoc test were used to assess interactions between mAIH and sAIH when animals were treated with rapamycin. Differences were considered significant if P Ͻ 0.05. All values are means Ϯ SE.
RESULTS

mAIH-induced pLTF does not require mTOR complex 1 activity.
To determine if mAIH-induced pLTF requires mTOR complex 1 (mTORC1) activity, rats were pretreated with rapamycin (0.1 mM) or an equal volume of vehicle (20% DMSO in saline). Vehicle control rats exhibited progressive increases in phrenic burst amplitude following mAIH, consistent with previous reports Mitchell 2002, 2008; Hoffman et al. 2010; Nichols et al. 2012; Wilkerson et al. 2008) . Indeed, phrenic amplitude was significantly higher than time control rats at 30 (34 Ϯ 7% above BL,; P Ͻ 0.001; Fig. 1 , A, C, and D) and 60 min post-mAIH (44 Ϯ 4% above BL; P Ͼ 0.001; Fig. 1, A, C, and D) . Intrathecal rapamycin had no impact on mAIH-induced pLTF; in rats pretreated with rapa-mycin, phrenic burst amplitudes were significantly higher than in time controls at 30 (42 Ϯ 9% above BL; P Ͻ 0.001; Fig. 1 , B-D) and 60 min post-mAIH (55 Ϯ 7% above BL; Fig. 1, B-D) . No differences in mAIH-induced pLTF were observed between rapamycin-and vehicle-treated rats (P Ͼ 0.05; Fig. 1D ).
Rapamycin had no discernible effect on phrenic nerve burst frequency LTF; frequency was consistent across groups at all times post-mAIH (P Ͼ 0.05; Fig. 1E ). Thus mTORC1 activity is not necessary for mAIH-induced pLTF.
sAIH-induced pLTF requires mTORC1 activity. The role of mTORC1 activity in the expression of sAIH-induced pLTF was tested by pretreating rats with intrathecal rapamycin (0.1 mM) or vehicle (20% DMSO in saline) before inducing sAIH (ϳ9% O 2 ). Vehicle control rats exhibited a robust and progressive post-sAIH increase in phrenic burst amplitude, consistent with previous reports . By 15 min postsAIH, phrenic burst amplitude was significantly enhanced compared with time controls (30 Ϯ 8%; P Ͻ 0.05; Fig. 2 , A, C, and D), a difference persisting at 30 (51 Ϯ 6%; P Ͻ 0.001; Fig.  2 , A, C, and D) and 60 min post-sAIH (68 Ϯ 8%; P Ͻ 0.001; Fig. 2, A, C, and D) . However, in contrast to mAIH-induced pLTF, rapamycin abolished sAIH-induced pLTF (Fig. 2B) ; phrenic burst amplitude was similar to that in time controls in rapamycin-pretreated rats at all times post-sAIH (P Ͼ 0.05; Fig. 2, B-D) , and vehicle-treated rats exhibited significantly greater pLTF than rapamycin-pretreated rats at all times (Fig.  2, A, B , and D; all P Ͻ 0.01; Fig. 2D ). To confirm that rapamycin effects were specific to the sAIH vs. mAIH difference, a three-way ANOVA with factors of time, hypoxia type (i.e., mAIH or sAIH), and drug treatment (rapamycin or vehicle) was performed. Consistent with our hypothesis, rapamycin effects on pLTF were dependent on the AIH protocol. There was a highly significant interaction between AIH type and rapamycin (P ϭ Ͻ0.001), confirming that sAIH-induced (not mAIH induced) pLTF requires mTORC1 signaling.
sAIH had a transient effect on phrenic burst frequency, although this effect was again rapamycin insensitive (P Ͻ 0.05; Fig. 2E ). The transient nature of sAIH-induced frequency LTF was illustrated by the fact that burst frequency had normalized by 60 min post-sAIH.
Blood gases, mean arterial pressures, and acid-base status. Measured physiological variables are shown in Table 1 . The following blood gas criteria were maintained in all rats: 1) for mAIH, Pa O 2 was between 35 and 45 mmHg during hypoxic episodes; 2) for sAIH, Pa O 2 was between 25 and 30 mmHg; Values are means Ϯ SE for body temperature (Tb), pH, blood gases, standard base excess (SBE), and mean arterial pressure (MAP) in each treatment group: moderate acute intermittent hypoxia (mAIH) ϩ vehicle (nϭ 7), mAIH ϩ rapamycin (nϭ 5), severe AIH (sAIH) ϩ vehicle (nϭ 8), sAIH ϩ rapamycin (nϭ 6), time control (TC) vehicle (nϭ 4), and TC rapamycin (nϭ 4) at baseline and 15, 30, and 60 min after mAIH or sAIH. *PϽ 0.05, significantly different from baseline. †PϽ 0.05, significantly different from vehicle time controls. ‡PϽ 0.05, significantly different from rapamycin time controls.
3) Pa O 2 during the hyperoxic baseline and recovery periods was Ͼ150 mmHg; and 4) Pa CO 2 was successfully regulated within 1.5 mmHg of baseline throughout the post-AIH recovery period. In rats analyzed in this study, there were no differences between groups in body temperature or Pa CO 2 at any time point. Rats receiving sAIH with vehicle displayed reduced (P Ͻ 0.05) arterial pH and SBE following AIH (vs. BL), but these values had returned to baseline by 60 min post-sAIH. All groups showed a transient reduction in Pa O 2 at 15 min post-AIH compared with baseline (P Ͻ 0.05) and time controls (P Ͻ 0.05; mAIH with vehicle showed a marginally significant trend, P ϭ 0.056). This Pa O 2 reduction continued in rats receiving sAIH and rapamycin until 60 min post-AIH. Regardless, Pa O 2 values were well above 150 mmHg at all times in all groups post-AIH; thus the transient decrease in Pa O 2 was unlikely to have had any discernable physiological impact.
Rats receiving sAIH (with or without rapamycin) showed a transient increase in mean arterial blood pressure (MAP) compared with baseline at 15 min post-AIH (P Ͻ 0.05). However, consistent with previous studies using this experimental preparation , a progressive reduction in MAP was observed in all groups during the posthypoxia recording period. Rats were excluded from analysis if MAP decreased more than 30 mmHg from baseline at 60 min post-AIH. Six rats were removed from the study due to excessive reductions in MAP. However, MAP decreases were similar across all groups and were significantly lower at 60 min compared with baseline (P Ͻ 0.05) in all but the sAIH plus rapamycin group.
DISCUSSION
Distinct signaling cascades associated with new protein synthesis underlie pLTF induced by mAIH vs. sAIH (DaleNagle et al. 2010a; Devinney et al. 2013; Nichols et al. 2012 ). Specifically, mTOR activity is necessary for sAIH-but not mAIH-induced pLTF, providing additional evidence that mAIH and sAIH elicit pLTF via distinct mechanisms ). This knowledge expands our fundamental understanding concerning the diversity of mechanisms giving rise to AIH-induced neuroplasticity. The dashed line indicates baseline (BL) phrenic amplitude in each trace. In A and B, typical pLTF in response to mAIH is shown, demonstrating that mTORC1 signaling is not necessary for mAIH-induced pLTF. In C, no time-dependent change in phrenic burst amplitude is shown, demonstrating experimental preparation stability. D: phrenic burst amplitude (percent change above BL) in vehicle controls (n ϭ 7, filled circles), rapamycin-treated (n ϭ 5, open circles), and combined time control rats (n ϭ 8, triangles). pLTF is significant in vehicle control and rapamycin-treated rats at 30 and 60 min post-mAIH compared with time controls (both P Ͻ 0.001). E: frequency of phrenic bursting was unaffected by mAIH or rapamycin. Burst frequency remained consistent across groups at all time points (P Ͼ 0.05). ***P Ͻ 0.001 vs. time controls.
Cellular mechanisms of pLTF. The serotonin-dependent (mAIH) and adenosine-dependent (sAIH) forms of pLTF are mediated by the Q and S pathways to phrenic motor facilitation (pMF), respectively. These pathways are named for the G protein-coupled receptors most frequently associated with the metabotropic receptors initiating the respective pathways. For example, spinal G s protein-coupled adenosine 2A (A 2A ) receptors (i.e., S pathway) are necessary ) and sufficient (Golder et al. 2008 ) for sAIH-induced pLTF. A 2A receptor activation initiates new synthesis of an immature TrkB protein isoform and requires PI3-kinase/Akt signaling (Golder et al. 2008 ). PI3-kinase/Akt is in the canonical signaling cascade regulating mTOR activation (Garami et al. 2003; Hoeffer and Klann 2010; Jaworski and Sheng 2006; Manning et al. 2002) , consistent with our finding that mTOR signaling is required for sAIH-induced pLTF. Akt activation releases endogenous constraints on mTORC1, enabling its effects on protein synthesis via translational regulation (Tee et al. 2003) . Since rapamycin does not affect signaling via the mTOR/ Rictor complex [i.e., mTORC2; (Sarbassov et al. 2004 )], our results are consistent with a role for mTORC1 (vs. mTORC2) signaling in sAIH-induced pLTF. Although we did not attempt to demonstrate a direct link between mTORC1 activity and translational regulation of immature TrkB protein, we suggest that mTORC1 regulates TrkB synthesis, thereby giving rise to sAIH-induced pLTF.
In contrast, the widely studied mAIH-induced pLTF is initiated by G q -coupled 5-HT type 2 metabotropic receptors, giving rise to pLTF via new BDNF (vs. TrkB) synthesis and ERK MAPK (vs. Akt) signaling ). Because of its initiating metabotropic receptor and the fact that multiple ligands acting via G q proteins elicit the same basic response, this mechanism is referred to as the Q pathway to pMF (Dale-Nagle et al. 2010a ). Since Q pathway-induced pLTF also requires translational regulation of new protein synthesis, in this case, BDNF (Baker-Herman et al. 2004) , and ERK/MAPK signaling activates mTOR under specific conditions (Ma et al. 2005; Tee et al. 2003) , we considered the possibility that mTOR signaling also plays a role in mAIHinduced pLTF. However, since rapamycin pretreatment had no effect on mAIH-induced pLTF, the Q pathway to pLTF is mTORC1 independent, once again illustrating distinctions between serotonin-dependent and adenosine-dependent pMF pathways. In A, robust pLTF is shown following sAIH in control rats. As shown in B, rapamycin pretreatment abolishes sAIH-induced pLTF, demonstrating that mTORC1 signaling is necessary. In C, no time-dependent change in phrenic burst amplitude is shown without AIH (i.e., time controls). D: phrenic burst amplitude (percent change above BL) in vehicle control (n ϭ 8, filled circles), rapamycin-pretreated (n ϭ 6, open circles), and combined time control rats (n ϭ 8, triangles). pLTF is significantly elevated in vehicle control rats compared with rapamycin-pretreated and time control rats at 15, 30, and 60 min post-sAIH (P Ͻ 0.05 for each). E: phrenic burst frequency was elevated in vehicle-and rapamycin-treated rats at 30 min post sAIH (P Ͻ 0.05), although frequency had returned to BL by 60 min post-sAIH. No differences in burst frequency were observed between treatment groups (P Ͼ 0.05), indicating the effect on burst frequency was a result of sAIH vs. rapamycin. *P Ͻ 0.05; ***P Ͻ 0.001 vs. time controls. #P Ͻ 0.01; ###P Ͻ 0.001 vs. rapamycin-treated rats.
Previous studies support a complex interaction between the S and Q pathways, characterized as cross-talk inhibition (Devinney et al. 2013 ). For example, subthreshold A 2A receptor activation during mAIH constrains pLTF via protein kinase A (PKA) activity (Hoffman et al. 2010; Hoffman and Mitchell 2013) . Since rapamycin had no effect on mAIH-induced pLTF, we conclude that PKA mediates cross-talk inhibition upstream from mTOR signaling, reflecting divergent cAMP signaling pathways ( Fig. 3 ; Fields et al. 2015) . Although mTOR signaling does not modulate the Q pathway to pMF, we cannot rule out the possibility that the Q and S pathways converge downstream from mTOR signaling. For example, ERK directly activates p70S6K (an intermediate kinase between mTOR and 4E-BP1) in some model systems (Dufner and Thomas 1999; Klann and Dever 2004) . Thus ERK could regulate translational activity via a p70S6K, Mnk-1, 4E-BP1, and eIF4E signaling pathway (Banko et al. 2004; Hoeffer and Klann 2010; Klann and Dever 2004) . On the other hand, if the S and Q pathways do converge, it is difficult to explain specificity of the proteins synthesized (BDNF vs. TrkB) .
Therapeutic implications of AIH. Repetitive AIH is an exciting new strategy to promote functional recovery of lost breathing capacity (and nonrespiratory motor functions) with clinical disorders such as chronic spinal injury, motor neuron disease, and other neuromuscular disorders (Dale et al. 2014; Mitchell 2007; Navarrete-Opazo and Mitchell 2014) . Repetitive AIH protocols investigated to date include mAIH exposures for 7 consecutive days (Lovett-Barr et al. 2012; Wilkerson and Mitchell 2009) or 3 times per week for 4 or 10 wk (Dale-Nagle et al. 2010b; Satriotomo et al. 2012) . Since repetitive AIH enhances respiratory (Lovett-Barr et al. 2012 ) and nonrespiratory somatic motor function (Lovett-Barr et al. 2012) in rat models of spinal cord injury (SCI) and humans with chronic, incomplete SCI (Hayes et al. 2014; Trumbower et al. 2012 ), a detailed understanding of cellular mechanisms giving rise to AIH-induced spinal respiratory plasticity is vital to optimize the therapeutic potential of repetitive AIH.
The relative contributions of the Q vs. S pathways to functional recovery of breathing capacity following cervical spinal injury in rats are complex. For example, recent studies suggest that the mechanisms of moderate repetitive AIHinduced functional recovery of breathing capacity are adenosine vs. serotonin dependent shortly after spinal injury (DaleNagle et al. 2010b; Navarrete-Opazo et al. 2015) , consistent with mTOR-dependent S pathway-mediated functional recovery. Indeed, A 2A receptor inhibition with istradefylline (KW-6002) prevents daily AIH-induced recovery of respiratory motor function 2 wk following cervical spinal hemisection (Navarrete-Opazo et al. 2015) . Furthermore, repetitive AIH up-regulates mTOR and its downstream targets in the cervical spinal cord shortly after injury (Gutierrez et al. 2013) . Thus mTOR may be a useful molecular target to enhance the therapeutic benefits of repetitive AIH with acute spinal injury. Conversely, pharmacological treatments designed to suppress mTOR activity may undermine the ability of repetitive AIH to restore motor function. For example, specific mTOR inhibitors are used clinically to treat some cancers, including renal cell carcinoma (Sankin et al. 2015) and breast cancer (Chia et al. 2015) . The most commonly prescribed drug to treat type II diabetes, metformin, inhibits mTOR signaling by activating AMP-activated protein kinase [AMPK (Potter et al. 2010; Zhou et al. 2001) ]. Since metformin crosses the blood-brain barrier (Labuzek et al. 2010) , it may decrease mTOR signaling in motor neurons and undermine repetitive AIH-induced functional recovery.
In conclusion, we demonstrate that sAIH-but not mAIHinduced pLTF requires spinal mTOR activity, providing additional evidence that distinct cellular mechanisms give rise to pLTF elicited by AIH protocols that differ in a single detail (35-45 vs. 25-30 mmHg Pa O 2 ). These data add to our mechanistic understanding of AIH-induced plasticity and further differentiate the S and Q pathways to pMF. mTORC1 is a unique contributor to S pathway-induced pMF, including sAIH-induced pLTF. (Devinney et al. 2015) , new brain-derived neurotrophic factor (BDNF) synthesis (Baker-Herman et al. 2004 ), TrkB (Baker-Herman et al. 2004; Dale EA and Mitchell GS, unpublished observations) , and ERK/MAP kinase activation . The mechanism whereby ERK elicits pLTF remains unknown. We propose a newly organized "S" pathway (right) to pLTF initiated by adenosine 2A (A 2A ) receptors (Golder et al. 2008) , followed by cAMP production, EPAC, Akt, and mTOR activation and new synthesis of immature TrkB isoforms (Golder et al. 2008 ). Mechanisms downstream of iTrkB are unknown. S-to-Q pathway inhibition via PKA (Hoffman and Mitchell 2013) diverges at cAMP based on recent observations .
Because cellular mechanisms associated with sAIH-induced pLTF have been implicated in repetitive AIH-induced recovery of respiratory motor function shortly after experimental cervical spinal injury (Navarrete-Opazo et al. 2015) , mTOR is an interesting target for pharmacological interventions to optimize repetitive AIH-induced functional recovery. Our working model suggests that spinal A 2A receptors activate Akt and mTORC1, increasing protein synthesis via translational regulation. mTORC1 manipulation with the well-tolerated drug rapamycin may enable qualitative assessment of contributions made by the S vs. Q pathways to enhanced pLTF following repetitive AIH preconditioning.
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